To obtain an efficient dual-drug release and enhance therapeutic efficiency for combination chemotherapy, a glutathione (GSH)-responsive therapeutic amphiphilic polyprodrug copolymer (mPEGb-PCPT) is synthesized to load doxorubicin (DOX) via hydrophobic and p-p stacking interaction. In this nanomedicine system (mPEG-b-PCPT/DOX), the ratio of the two drugs can be easily modulated by changing the loading content of DOX. The in vitro drug release curves and laser confocal images suggested that the release of CPT and DOX is induced through a "release promotes release strategy": after internalization into tumor cells, the disulfide bonds in the nanomedicine are cleaved by glutathione (GSH) in the cytoplasm and then lead to the release of CPT. Meanwhile, the disassembly of nanomedicine immediately promotes the co-release of DOX. The optimum dose ratio of CPT and DOX is evaluated via the combination index (CI) value using HepG-2 cells. The results of cell apoptosis and cell viability prove the better synergistic efficiency of the nanomedicine than free drugs at the optimum dose ratio of 1. Consequently, this stimuli-responsive synergistic chemotherapy system provides a direction for the fabrication of nanomedicines possessing promising potential in clinical trials.
Introduction
Chemotherapy has been the major modality for cancer therapy. A variety of chemotherapeutic agents, such as anti-metabolites, alkylating agents, topoisomerase inhibitors, anti-microtubule agents and cytotoxic antibiotics, have been widely employed for cancer chemotherapy. 1 The clinical application of traditional small molecule chemotherapeutic agents still has some obstacles, including low bioavailability, superimposed side effects and drug resistance. 2, 3 Over the past decades, the combination of two or more drugs has been frequently used as a therapeutic regimen beneting from the complementary pharmacological mechanisms of multiple drugs to interrupt tumor growth. [4] [5] [6] [7] [8] [9] However, the bioavailability and half-life of each drug formulation can be extremely different, resulting in a problem to nd the best dose combination of drugs.
Nanomedicine encapsulating multi-drugs is able to co-deliver drugs into cells to promote therapeutic performance. [10] [11] [12] [13] [14] [15] [16] [17] Among them, nanomedicines formed from amphiphlic polyprodrugs and another encapsulated drugs for combination therapy exhibit several remarkable advantages, including easy modulation of drug loading content, controllable release triggered by exogenous stimuli. [18] [19] [20] [21] [22] [23] [24] [25] [26] The common strategy for polyprodrug preparation is to conjugate drugs to the carriers through post-modication of polymeric backbones. But the shortcoming is that the drug content of polyprodrugs can not be precisely controlled and the gra ratio of drugs is hardly controlled between different batches, which are critical for further applications and even clinical translations. Additionally, it is extremely difficult using the post-modication method to adjust the optimal ratio between conjugated drug and loaded drug to realize synergistic efficacy. Thus, an amphiphilic polyprodrug with precise conjugation number is extremely important for combination therapy. Moreover, inefficient release of drugs from the nanomedicines aer internalization into cancer cells also signicantly reduce the synergistic effect. 27, 28 The common attention is mainly paid to increasing corelease of multi-drugs in nanomedicine design, taking advantage of covalent linkage or physical interactions between chemotherapeutic drugs and functional materials. [29] [30] [31] [32] [33] [34] [35] Notably, glutathione (GSH)-responsiveness is an ideal candidate for the development of controlled drug release system because there is a signicant difference in GSH concentration between intracellular (2-10 mM) and extracellular environment (2-20 mM), so that the nanomedicine will be able to keep stable in extracellular environment and release the conjugated drug in the cells, thus enhancing the therapeutic efficacy while reducing the side effects. [36] [37] [38] [39] [40] [41] [42] Herein, we utilize an amphiphilic polyprodrug copolymer (mPEG-b-PCPT) in which the drug (camptothecin, CPT) is linked to the backbone through a GSH-responsive disulde bond by reversible addition-fragmentation transfer (RAFT) polymerization to encapsulate doxorubicin (DOX) via hydrophobic and p-p stacking interaction to form a nanomedicine (mPEG-b-PCPT/DOX). The topoisomerase I inhibitor (CPT) and topoisomerase II inhibitor (DOX) with a complementary anticancer mechanism is used for combination therapy. [43] [44] [45] [46] [47] [48] [49] Beneting from the RAFT living polymerization, the polymerization degree of prodrug segment can be precisely controlled, so that the optimized ratio of two drugs can be easily modulated by changing the loading content. The synergistic chemotherapy of CPT and DOX is induced by the mPEG-b-PCPT/DOX nanomedicine through a "release promote release strategy", which is shown in Scheme 1. Aer the nanoparticles (NPs) were efficiently internalized by tumor cells, the disulde bonds are rapidly cleaved under reductive cytosolic circumstance to release the active CPT. The disassembly of hydrophobic core immediately results in a boost release of DOX, promoting the intercellular drug co-release, thus achieving excellent synergistic effect. Compared to the reported nanomedicine for combination therapy, this combination therapeutic system integrating features of exible preparation of different drug ratios, reduction-responsive co-release and good synergistic effect is crucial for potential clinical combination therapy research.
Results and discussion

Synthesis and characterization of mPEG-b-PCPT
The mPEG-b-PCPT was synthesized by reversible additionfragmentation transfer (RAFT) polymerization with a cleavable prodrug monomer (CPTM) and a PEG-based macroRAFT agent (mPEG-CTA) (Scheme 2). 50 1 H NMR and 13 C NMR of CPTM and mPEG-b-PCPT conrmed the chemical structure and revealed the actual degree of polymerization (DP) of mPEG-b-PCPT to be 50 ( Fig. S1 -S3 †), indicating a high drug loading content of CPT (55.1%). More importantly, the CPT loading content could be easily modulated by DP. GPC analysis suggested the M n of this amphiphilic polydrug was 34.7 kDa and the M w /M n was 1.27 ( Fig. S4 †) . The generated diblock copolymer mPEG-b-PCPT exhibiting controllable DP and narrow polydispersity index showed great potential for further application of DOX loading and combination chemotherapy.
Preparation and characterization of mPEG-b-PCPT/DOX
The therapeutic diblock copolymer mPEG-b-PCPT was utilized to encapsulate DOX through hydrophobic and p-p stacking interactions to fabricate a nanomedicine (mPEG-b-PCPT/DOX). Transmission electron microscopy (TEM) was used to investigate the self-assembly morphology of copolymer. As can be seen in Fig. 1a , mPEG-b-PCPT self-assembled into spherical nanoparticles with a diameter of around 150 nm. Compared with polyprodrug mPEG-b-PCPT, negligible diameter change was monitored for the dual-therapeutic mPEG-b-PCPT/DOX ( Fig. 1b ). Aer incubation with aqueous solution containing 10 mM GSH for different time, the morphology of mPEG-b-PCPT/DOX was also studied by TEM. As shown in Fig. 1c -e, the NPs disassembled into irregular aggregates in the presence of GSH, indicating the GSH-responsiveness of mPEG-b-PCPT/ DOX. To reveal the drug loading capacity of mPEG-b-PCTP, loading content (LC) and encapsulation efficiency (EE) were measured at different feeding ratio. As shown in Table 1 , mPEGb-PCTP showed an excellent drug loading capacity with the EE as high as above 80%. With this nanomedicine in hand, the drug release behaviors of CPT and DOX were then carefully studied under different conditions ( Fig. 1f and g) . In the absence of GSH, mPEG-b-PCPT/DOX NPs were stable at pH 7.4 and only a small portion of CPT (21.4 AE 0.1%) was released aer 24 h. The release rate was signicantly boosted in the presence of GSH (10.0 mM) and 82.9 AE 7.3% CPT was released from the NPs. The activity of GSH could be greatly weakened in the acidic environment, which was conrmed by the low release rate of CPT (24.9 AE 0.7%) at pH 5.0 aer 24 h. In the case of DOX, only 31.0 AE 0.9% of DOX was released at pH 7.4 aer 24 h. However, the release efficiency increased up to 65.6 AE 6.8% at pH 5.0, suggesting a pH-responsive drug release attributing to the protonation of the amine group. More interestingly, the release efficiency of DOX reached to 70.3 AE 2.3% in the presence of GSH at pH 7.4, indicating the GSH-responsive CPT release signicantly promoted the release of DOX because of the disassembly of the NPs by changing the amphiphilic property of the polymeric carrier, thus achieving amplify effect to improve their synergistic anticancer efficacy. Based on the above results, the nanomedicine could be stable in bloodstream and extracellular matrix due to the low level of GSH and high pH value, remarkably decreasing the side effects towards normal tissues, while aer cellular internalization, partial DOX is release in endo/lysosome triggered by the low pH environment. Additionally, the disulde bonds are cleaved by the GSH in cytoplasm, further promoting the release of loaded DOX.
Cellular uptake of mPEG-b-PCPT/DOX
Confocal laser scanning microscopy (CLSM) was performed to assess the cellular uptake and intracellular drug release of mPEG-b-PCPT/DOX NPs. Glutathione reduced ethyl ester (GSH-OEt) was pretreated for 2 h to increase the intracellular GSH concentration. As shown in Fig. 2 , at the time point of 2 h, 6 h and 12 h, in sharp contrast, the uorescence intensity of free CPT and DOX was much weaker than the one aer incubation of mPEG-b-PCPT/DOX NPs in HepG-2 (hepatocellular carcinoma) cells, demonstrating that the drugs were uptaken into the cells via different pathway, endocytosis of mPEG-b-PCPT/DOX NPs and diffusion of free drugs, and endocytosis was more efficient. The uorescence of CPT and DOX displayed high colocalization in the cells cultured with mPEG-b-PCPT/DOX NPs in both cytoplasm and nucleus at 2 h, 6 h, and 12 h, revealing
the co-delivery of two drugs. Notably, the GSH-OEt pretreated cells showed higher uorescence intensity of DOX and CPT than the cells without pre-treatment of GSH-OEt, conrming the reductive-responsive enhancement of drug co-release by the increased intracellular GSH.
Synergistic effect of mPEG-b-PCPT/DOX
Beneting from the efficient endocytosis of mPEG-b-PCPT/DOX NPs and the co-release of CPT and DOX triggered by reductive GSH, the synergistic therapeutic effect could be higher than free drug pairs. The synergistic effect of this nanomedicine was investigated by a 3-(4 0 ,5 0 -dimethylthiazol-2 0 -yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Fig. S5 and S6 † showed the cell viability aer incubation with different concentrations of drugs for 24 h against HepG-2 and human umbilical vein endothelial (HUVEC) cells. Obviously, the healthy HUVEC cells, which were used as control, were not as sensitive as the carcinoma cells to the chemotherapeutic drugs. For the free drugs, the half maximal inhibitory concentration (IC 50 ) of CPT and DOX was calculated to be 1.81 and 0.106 mg mL À1 , respectively. Interestingly, the ratio between CPT and DOX in the NPs could be easily controlled by changing the loading content of DOX due to the satisfactory drug loading capacity of mPEG-b-PCPT. In order to gure out the optimum combination value, the cell viability of HepG-2 cells at different mass ratio of DOX and CPT were carried out (Fig. 3a) . Then combination index (CI) values were fully investigated and utilized to quantify synergy of CPT and DOX (CI value below 1 implies synergy whereas above 1 implies antagonism). As shown in Fig. 3b and S7, † the CI value was related to the drug mass ratio and drug dose. It was increased by increasing the fraction of DOX, when the concentration of DOX and CPT reached 0.1 mg mL À1 , the optimum synergy was observed (CI ¼ 0.036, mass ratio ¼ 1). 
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As CPT and DOX inhibit topoisomerase I and topoisomerase II, respectively, which both induce the DNA damage, so we studied the cell apoptosis induced by mPEG-b-PCPT/DOX NPs using Annexin V-FITC/PI kit by ow cytometry at the optimum mass ratio. We incubated HepG-2 cells with low-dose (equivalent drug dose of 0.1 mg mL À1 ) of mPEG-b-PCPT/DOX or free drugs to avoid the inuence of red uorescence from DOX. Living cells were represented in Q4 phase, whereas apoptosis cells and necrotic cells were shown in Q2, Q3 and Q1 phases. Fig. 4a-d indicated that the frequency of living cells were signicantly decreased from 82.9 AE 1.2 to 78.6 AE 1.7 (p < 0.05) when the CPT/DOX combination was utilized as mPEG-b-PCPT/ DOX NPs. The efficacy of mPEG-b-PCPT/DOX co-release system was higher than free drug combination, demonstrating the advantage of this nanomedicine formulation beneting from the GSH-triggered "release promote release strategy", which led to the co-localization and co-release of synergistic drugs in the cells. Furthermore, the combination effect was assessed by MTT assay at the optimum mass ratio of 1 mentioned above. As shown in Fig. 4e , the cell viabilities of HepG-2 cells treated with mPEG-b-PCPT/DOX NPs were signicantly lower than free drug pairs. According to these results, we consequently concluded that mPEG-b-PCPT/DOX NPs could effectively co-deliver two drugs into cancer cells via endocytosis pathway, induced GSHtriggered co-release at an optimum ratio, resulting in an enhancement of synergistic effect to kill the cancer cells.
Experimental
Materials and methods
All reagents were commercially available and used as supplied without further purication. 1 H NMR spectra were recorded on a Bruker Avance III-300 spectrometer with internal standard TMS. Transmission electron microscopy (TEM) images were taken by a HT-7700 transmission electron microscopy (Hitachi, Japan). The particle size was performed by dynamic light scattering (DLS) on the Zetasizer (Nano ZS, Malvern Instruments, Worcestershire, UK).
Cell cultures
HepG-2 cells were cultured in RPMI 1640 culture medium containing 10% calf serum and 1% penicillin/streptomycin. The cells were harvested from the cell culture medium by incubating in a trypsin solution. The cells were centrifuged, and the supernatant was discarded. The cells were resuspended in serum-supplemented 1640 at a concentration of 1 Â 10 4 cells per mL. Cells were cultured at 37 C and 5% CO 2 .
Preparation of mPEG-b-PCPT/DOX
The mPEG-b-PCPT/DOX nanoparticle was prepared by the solvent evaporation method. In brief, DOX was rstly dehydrochlorinated using dichloromethane (DCM). mPEG-b-PCPT and dehydrochlorinated DOX were separately dissolved in DCM and then mixed. The mixture was slowly injected into an aqueous solution and stirred at room temperature overnight to ensure complete evaporation of DCM. To measure the drug loading capacity, the nanomedicine was prepared and centrifugated at 10 000 rpm for 10 min. The supernatant was measured by a uorescence spectrophotometry (RF-5301PC, Shimadzu, Japan) at an emission wavelength of 558 nm and excitation wavelength of 502 nm. LC and EE was determined by DOX concentration in the nanomedicine.
TEM studies
The morphology of the mPEG-b-PCPT and mPEG-b-PCPT/DOX nanoparticles were measured by TEM. Samples were prepared by drop-coating the solution of nanoparticles onto a carboncoated copper grid. The corresponding solution was le to stand for 10 min and eliminated by a microporous membrane.
In vitro release study
The in vitro drug release manner of mPEG-b-PCPT/DOX was determined using dialysis bag method in phosphate-buffered saline (PBS) in various conditions (pH ¼ 5.0, pH ¼ 5.0 + 10 mM GSH, pH ¼ 7.4 and pH ¼ 7.4 + 10 mM GSH). Briey, 2 mL of mPEG-b-PCPT/DOX (equivalent to 20 mg mL À1 of DOX and 4 mg mL À1 of CPT) was sealed in dialysis bags (MCWO 6000-8000). The dialysis bags were added to the 50 mL conical tube containing 28 mL of drug release medium. The test conditions were a shaking speed of 100 rpm and a temperature of 37 C AE 0.5 C. Two milliliter of each sample was withdrawn at 0.5, 1, 2, 4, 8, 12, 24, 36, 48 and 72 hours. Free DOX and CPT was used as controls. The uorescence intensity of DOX in the medium was measured by a uorescence spectrophotometry at an emission wavelength of 558 nm and excitation wavelength of 502 nm. The one of CPT was measured at an emission wavelength of 435 nm and excitation wavelength of 365 nm. The standard curves were also established.
Cellular uptake study
The cellular uptake of mPEG-b-PCPT/DOX was studied by the confocal laser scanning microscopy (CLSM, IX83-FV3000-OSR, Olympus, Japan). The HepG-2 cells were seeded on 24-well plates with cell slide and grown for 18 h. The cells for GSH pretreated group were pretreated with glutathione reduced ethyl ester (GSH-OEt) (concentration of 10 mM) for 2 h. The medium was changed to serum-free 1640 medium containing mPEG-b-PCPT/DOX (at drug concentrations of 0.5 mg mL À1 ) and incubated for 2 h, 6 h and 12 h, respectively. Aer incubation, the cells were rinsed with PBS, xed with fresh 4% paraformaldehyde, and imaged on a confocal scanning laser microscopy.
Evaluation of cytotoxicity
The cytotoxicity was evaluated by the 3-(4 0 ,5 0 -dimethylthiazol-2 0yl)-2,5-diphenyl tetrazolium bromide (MTT) assay using HepG-2 cells and HUVEC cells. Generally, the cells were seeded on a 96well tissue culture plate at a density of 1 Â 10 4 cells per well in 200 mL of 1640 medium containing 10% serum for 18 h. The medium was replaced with 200 mL of serum-free one containing serial dilutions of indicated concentration of drugs in various formulations for 24 h. The media were then replaced with 100 mL of the serum-free medium containing 0.5 mg mL À1 MTT and incubated for 4 h. Finally, each well was replaced with 100 mL of DMSO and measured spectrophotometrically on an ELISA plate reader (Model 550, Bio-Rad) at a wavelength 570 nm. The relative cell growth (%) related to control cells cultured in the media without the polymer was calculated by the following formula:
The CI values were calculated by Compu Syn soware.
Cell apoptosis study
The HepG-2 cells were seeded on a 12-well tissue culture plate at a density of 1.6 Â 10 5 cells per well in 1.0 mL of 1640 medium containing 10% serum for 18 h. The media were then replaced by 1 mL of serum free 1640 containing free drug combination or mPEG-b-PCPT/DOX at drug concentrations of 0.1 mg mL À1 and incubated for 24 h. Then the cells were washed by PBS, trypsinized, stained using an Annexin V-FITC/PI apoptosis detection kit (Beyotime Biotechnology). The cells were evaluated by the ow cytometer (FACS Calibur, BD, USA).
Conclusions
In summary, we synthesized an amphiphilic copolymer (mPEGb-PCPT) constructed with hydrophobic chemotherapeutic drug CPT, reductive sensitive disulde bond and hydrophilic PEG chain by precisely controlled RATF living polymerization. By forming spherical NPs, the copolymer was utilized to load another chemotherapeutic drug DOX for synergistic chemotherapy. The mPEG-b-PCPT/DOX NPs behaved a reductivetriggered "release promote release strategy" of CPT and DOX, demonstrating the possibility of efficient co-release in the intracellular environment. The result of cellular uptake conrmed the successful internalization and reductiveresponsive co-release of mPEG-b-PCPT/DOX NPs into HepG-2 cells. MTT assay and cell apoptosis study demonstrated much higher anticancer efficacy of mPEG-b-PCPT/DOX NPs than that of the free drugs combination, showing excellent synergistic effect. The present studies provided a promising GSHresponsive fast co-release system with easy controlled drug ratio for more effective combination cancer chemotherapy, providing a direction for the fabrication of nanomedicines possessing promising potentials in clinical trials.
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